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Abstract: Cow’s milk protein allergy (CMPA) is the most common food allergy (FA) in infancy,
affecting approximately 2% of children under 4 years of age. According to recent studies, the
increasing prevalence of FAs can be associated with changes in composition and function of gut
microbiota or “dysbiosis”. Gut microbiota regulation, mediated by probiotics, may modulate the
systemic inflammatory and immune responses, influencing the development of allergies, with
possible clinical benefits. This narrative review collects the actual evidence of probiotics’ efficacy in
the management of pediatric CMPA, with a specific focus on the molecular mechanisms of action.
Most studies included in this review have shown a beneficial effect of probiotics in CMPA patients,
especially in terms of achieving tolerance and improving symptoms.
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1. Introduction

The effects of probiotics on both human gut microbiota and the immune system are
well known, with potential roles in preventing inflammatory gastrointestinal disorders.
Indeed, microbiota are necessary for the integrity of the intestinal mucosal barrier, as well
as to maintain a highly functioning gut immune system. Recent studies suggest that the
increasing prevalence of FAs in the last half century can be associated with changes in the
composition and function of gut microbiota or “dysbiosis” [1]. Gut dysbiosis has proinflam-
matory effects and can lead to several disorders including FAs [2]. Since gastrointestinal
(GI) microbiota are important for the development of FAs, GI microbiota modulation could
be used as a therapeutic tool for FAs [3]. It has already been established that probiotics have
a beneficial effect on atopic dermatitis (AD) [4] and respiratory allergies [5]. By focusing
on the molecular patterns, the aim of this narrative review is to collect all the studies that
concern the effects of probiotics in the management of cow’s milk protein allergy (CMPA),
the most common FA in infanthood.

2. Probiotics

Probiotics are live microorganisms with many beneficial effects on human and animal
health. According to Havenaar and Huis In’t Veld, this viable mono or mixed culture of bac-
teria can affect the host beneficially by improving the properties of the microbiota [6]. This
indigenous flora is made of 100–1000 microbial species, with a common core, composed
predominantly of bacterial species that are essentially stable throughout adulthood. How-
ever, they can evolve and transform over a lifetime, depending on a complex set of factors,
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such as diet, genome, and lifestyle of the host, as well as antibiotic use [7,8]. The interaction
between probiotics and gut microflora serves as a supplement to the host environment to
provide protection against various enteric pathogens and to increase the relative numbers
of “beneficial bacteria” [9,10]. Probiotics can also influence the host’s immune response
by modulating the activation of specific gene expression patterns; moreover, they regulate
the acute and chronic inflammation in intestinal mucosal tissue, via vascular endothelial
growth factor receptor (VEGFR) signaling [11,12].

3. Cow’s Milk Protein Allergy (CMPA)

CMPA is a reaction of the immune system to proteins found in cow’s milk [13].
CMPA is the most common FA in infancy: it affects approximately 2% of children under
4 years of age and an even higher percentage of infants. Prevalence of CMPA decreases
to less than 1% in children over 6 years of age [2,13–15]. Cow’s milk can be divided
into two parts: coagulum (curd), which contains 80% of the CMPs, mainly casein (Bos
d 8); and lactoserum (whey), which contains 20% of the CMPs, such as α-lactalbumin
(Bos d 4) and β-lactoglobulin (Bos d 5) [16]. Other whey proteins include bovine serum
albumin (BSA, Bos d 6), lactoferrin (Lf), and immunoglobulin (Bos d 7). Children with
allergies are mostly sensitive to multiple cow’s milk proteins, and more than 50% of
the individuals with CMPA produce specific IgEs against casein, β-lactoglobulin, and
α-lactalbumin [17,18]. Human IgE antibodies are mainly directed to conformational
epitopes; therefore, any changes of the proteins’ structure could influence their immuno-
genic and allergenic properties, potentially inducing both allergies and tolerance [17].
Casein and whey proteins can be ingested by drinking cow’s milk-based formula or
through breast milk [13,19–21]. CMPA usually presents during the first few months of
life, within days or weeks after the introduction of a cow’s milk-based formula into the
diet. Symptoms may also occur when exclusively breastfeeding if cow’s milk proteins
from the maternal diet are transmitted through breast milk in sufficient quantities [22].
The symptoms can be caused by “immediate” (early) reactions and “delayed” (late)
reactions. Immediate reactions occur from minutes up to 2 h after allergen ingestion
and are more likely to be immunoglobulin E (IgE)-mediated [23]. They involve the
skin, and respiratory and GI tracts [3], including oral pruritus, urticaria, rhinorrhoea or
rhinoconjunctivitis, angioedema of oropharynx, eczema, vomiting, and diarrhea [13].
Delayed reactions manifest up to 48 h or even 1 week following ingestion, and they
usually involve non-IgE-mediated immune mechanisms [23]. They include food protein-
induced enteropathy (FPE), food protein-induced allergic proctocolitis (FPIAP) [24], and
food protein-induced enterocolitis syndrome (FPIES) [25]. Non-IgE-mediated manifes-
tations are less common and mostly involve the GI system [26]; the main symptoms
are vomiting, regurgitation, diarrhea, rectal bleeding, feeding difficulties, persistent
crying, sleep problems, and failure to thrive [13,27]. The diagnosis of CMPA is based on
a complete medical history, physical examination, presence of CMP-specific serum IgE,
and/or a positive skin prick test (SPT) [23,25]. In non-IgE-mediated allergies, IgE tests
are expected to be negative. Atopy patch tests may provide additional information in
these cases, but they are not standardized [27,28]; as additionally, endoscopy is not con-
sidered as a routinary examination because macroscopic lesions and histological findings
are neither sensitive nor specific for CMPA [23,29]. In both IgE- and non-IgE-mediated
allergies, the diagnosis needs to be confirmed or excluded by a challenge procedure
(ideally blinded) and/or home reintroduction of cow’s milk in the diet [3,23,24,30]. The
management of CMPA is based on a strict dietary elimination of CMP from the infant’s
diet and from the mother’s diet in breastfed infants, in order to continue breastfeeding,
which remains the ideal choice for allergic infants [3,23,27,31–34]. In formula-fed infants,
the elimination diet usually starts with an extensively hydrolyzed formula (eHF) or
extensively hydrolyzed casein-based formula (eHCF) [31]. If there is no improvement
in symptoms within 2 weeks, an allergic reaction to the remaining peptides in the eHF
must be considered, and an amino-acid formula (AAF) should be tried [35–42]. Other
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possible alternatives are hydrolyzed rice formula (HRF) and soy formula (SF) [3]. Oral
immunotherapy (OIT) has been studied as a valid strategy to induce immunological
and clinical tolerance to CMP in children with CMPA [43]. OIT consists in the daily
administration of the maximum tolerated dosage of the offending allergen, previously
established through an OFC. After 6–9 months of OIT, another OFC is performed to test
the desensitization, while the achievement of tolerance is assessed through an OFC per-
formed after a variable period of the allergen elimination [44]. OIT apparently involves
B-reg and T regulatory cells (Treg), and it leads to a decrease of CMP-specific IgE levels
and to an increased level of IgG4 [43,45,46].

Pathogenesis of FA

Since 2000, the prevalence of allergic and autoimmune diseases has risen in devel-
oping countries, now affecting more than one billion people worldwide [47]. Initially,
this phenomenon was explained by the “hygiene hypothesis”, which suggests that this
higher prevalence of allergic and autoimmune diseases in westernized countries may be
associated with the reduced exposure to pathogens and with the decreased incidence of
infections due to excessive hygiene measures [47,48]. Recently, the “epithelial barrier
hypothesis” was introduced, and it proposes that genetic predisposition, exposure to
factors damaging the epithelial barrier, and peri-epithelial chronic inflammation are
responsible for the development of allergic diseases [49]. The epithelial barrier acts
as a first-line physical defence against pathogens and allergens. Its dysfunction may
be caused by many alterations, like changes in lipids and structural proteins, loss of
microbiota diversity, or elevated skin pH, as seen in patients with AD. Epithelial bar-
rier derangement can influence its leak, resulting in dysbiosis of microbial content,
and translocation of this content into subepithelial and interepithelial compartments,
inducing microinflammation [47,48,50].

The normal immune response to ingested food is tolerance. A defect in oral tol-
erance can lead to FAs [51]. The mechanisms that can lead to the breakdown of oral
tolerance are poorly understood. Apparently, multiple pathways are involved. It is
now largely demonstrated that the intestinal microbiota have an important role in the
functioning of our immune system and that gut dysbiosis, especially if it happens early
in life, can lead to the development of inflammatory conditions such as allergies [4].
When food reaches gut lumen, antigens are translocated from the gut lumen into the sub-
mucosa via specialized intestinal epithelial cells (IECs), in a process called transcytosis;
in lamina propria, mononuclear phagocytes (MNPs), thanks to their dendrites, sample
luminal antigens. MNPs transfer luminal antigens to dendritic cells (DCs) that display
antigens to naive T cells (CD4+) [52]. They can promote an inflammatory response
differentiating in T helper type 1(Th 1), T helper type 2 (Th2), or T helper type 17 (Th17),
or they can promote a regulatory response differentiating in Treg. The production of
interleukin (IL)-1, IL-6, IL-12, interferon (IFN)-γ, and tumor necrosis factor (TNF)-α
promotes Th1 differentiation; IL-17A, IL-17F, IL-21, IL-22, and IFN-γ promote Th17
differentiation; IL-4, IL-5, IL-13, IL-9, and IL-6 promote Th2 differentiation involved in
allergic reactions [4,53,54]. In susceptible patients, when allergens reach the epithelial
barrier, they stimulate the production of cytokines like thymic stromal lymphopoietin
(TSLP), IL-33, and IL-25. These cytokines induce a Th2 differentiation by stimulating
group 2 innate lymphoid cells (ILC2) and basophils to produce Th2 cytokines like IL-4,
IL-5, IL-9, and IL-13. The activated T cells differentiate into Th2 cells, which are involved
in tissue inflammation, and type 2 follicular helper T (Tfh) cells [55]. Tfh cells are a type
of T cell localized in B-cell follicles, called follicular helper T (Tfh) cells, which play a
critical role in germinal center (GC) reactions [56–59]. Tfh cells are characterized by the
high expression of CXC chemokine receptor 5 (CXCR5), programmed cell death protein
1 (PD-1), B-cell lymphoma 6 (Bcl-6), and IL-21 in both mice and humans. Expression of
CXCR5 drives migration in the B-cell follicle by binding CXC motif chemokine ligand 13
(CXCL13), where Tfh cells interact with B cells, regulating antibody isotype switching,
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affinity maturation, and B-cell memory generation [59,60]. In a mouse model used to
test for a peanut allergy, genetic depletion of Tfh cells compromised IgE production and
protected mice from anaphylaxis, without affecting Th2 cells [61]. In addition to the
effector CD4 T cells, recent evidence demonstrates that Tfh cells are heterogeneous and
can be classified into categories [62]. Tfh cells elicited in type 2 responses (Tfh2 cells or
type 2 Tfh cells) express higher levels of IL-4 compared to Tfh cells in type 1 responses.
IL-4+ Tfh cells are involved in both helminth infections and allergic sensitization, but
it was recently found that allergens drive the differentiation of another IL-4+ Tfh cell
population, characterized by the co-expression of IL-4 and IL-13 [55,63]. These cells,
called Tfh13 cells, are distinct from Th2 and Tfh2 cells, characterized by concomitant high
expression of IL-4, IL-5, IL-13, and canonical transcription factors of both classical Tfh
cells and Th2 cells, BCL-6 and GATA binding protein 3 (GATA-3), respectively [63]. IL-13
expression in Tfh has been found in mouse models with peanut allergies [64]. Isolated
deletion of Tfh13 cells or IL-13 in Tfh cells in Alternaria-sensitized mice modestly affects
total or low-affinity IgE levels, but abrogate the production of anaphylactic, high-affinity
IgE [63]. Moreover, the canonical Tfh cell cytokine IL-21 seems to work as a negative
regulator of IgE class switching [65,66]; indeed, Tfh cells express this cytokine abun-
dantly in type 1 immunizations compared to type 2 responses. Thf13 cells have lower
expression of Il-21, which may be an additional mechanism by which these cells promote
allergic IgE [63]. The antibody response is also regulated by another population called T
follicular regulatory (Tfr) cells, a subset of Treg cells, that reach B cell follicles thanks to
their CXCR5 expression [67–69]. Tfr cells express the signature transcription factors of
both Tfh cells (BCL6) and Treg (Forkhead box P3, FOXP3) [55]. Tfr cells have been shown
to inhibit as well as promote IgE response. Tfr cells produce neuritin, a neurotrophic
factor, that inhibits phosphorylation of adaptors of IL-4 and IL-13 signaling and limits
IgE class switching [70]; on the other hand, the authors of a contrasting report found that
IgE production was completely abrogated in the absence of Tfr cells due to the absence
of IL-1 [64]. However, further studies are needed to consolidate our understanding of
the role of Tfr cells in allergic disease.

Antigen food-specific IgE binds to the FcεRI receptors on mast cells and basophils
[Figure 1] [55,71]. Subsequent exposure to food antigen leads to cross-linking of IgE and the
IgE receptors on the surface of mast cells and basophils, resulting in the release of preformed
mediators into circulation, such as histamine, heparin, and proteases [72]. As discussed
before, the presentation of antigens to CD4+ T cells can also lead to a regulatory response.
The production of food-antigen specific Treg is the primary mechanism regulating food
tolerance [52]. In non-allergic infants, retinoic acid (RA), transforming growth factor β
(TGFβ), and IL-10 generate an anti-inflammatory environment, where DCs display food
antigens to naive T cells. This condition permits the generation of food antigen-specific
Treg, which are fundamental for food tolerance due to downregulation of IgE synthesis.
They are also responsible for the unresponsiveness of the immune system to self-peptides.
Their proliferation is influenced by IL-10 [4,52]. C-X-C motif chemokine receptor 1 (CXCR1)
stimulates the production of IL-10 by MNPs [52]. Treg have a role both in local and in
systemic tolerance and produce TGFβ in the gut, which leads to the secretion of IgA by B
cells. The generation of food-specific immunoglobulin A (IgA) antibodies may promote
oral tolerance by excluding luminal food antigens, providing for mucosal immunity [52,53].
Moreover, some Treg can exit the gut and, through the vascular or lymphatic system, can
promote systemic tolerance to food antigens [52].
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Figure 1. Created with BioRender.com. In susceptible subjects, lack of integrity of the intestinal
barrier permits the passage of allergens into sub-epithelial space and the release of proinflammatory
cytokines IL-25, IL-33, and TSLP. DCs, under the stimuli of these cytokines, migrate to the draining
lymphnode, and present antigens to naive T cells, promoting the type 2 immune response. The
activated T cells differentiate into Th2 cells, which are involved in tissue inflammation and interaction
with B cells, and into Tfh13 cells, which produce IL-4 and IL-13 in order to elicit B cell isotype class
switching to high affinity IgEs. The Tfr cells seem to both suppress and enhance antigen-specific
IgEs production by producing neuritin and through IL-10 stimulation, respectively. IgEs bind to
the surface of mast cells and basophils through the high affinity IgE receptor Fc epsilon receptor I
(FcεR1). The successive exposures to allergens cause the degranulation of sensitized mast cells and
basophils, thanks to the binding of IgE to FcεR1 receptors, leading to the release of preformed and
de novo synthesized proinflammatory mediators, i.e., leukotrienes, histamine, prostaglandins, and
others. CD4: cluster of differentiation 4; CD40: cluster of differentiation 40; CD40L: CD40 ligand;
FcεR1: Fc epsilon receptor I; GC: germinal center; IgE: immunoglobulin E; IL: interleukin; MHC-II:
major histocompatibility complex class II; TCR: T-cell receptor; Tfh: T follicular helper cells; Tfr: T
follicular regulatory cells; Th2: T helper type 2; TSLP: thymic stromal lymphopoietin.

4. Microbiota

Microbiota are defined as the assemblage of living microorganisms that are present
in a specific environment [73]; more specifically, they are a community of commensal,
symbiotic, and pathogenic microorganisms living in the body other environments [74].

Gut microbiota refer to all the species of microorganisms that colonize the human
gut. This colonization starts before birth: the mother transfers microorganisms to the
newborn through the placenta, intestine, meconium, and vagina; then, microbiota may
evolve in a complex and dynamic way, being influenced by environmental factors [4,75].
They are mostly composed of anaerobic bacteria, and they can be modified by diet and
drugs like antibiotics [54]. The dominant founder bacteria of a newborn microbiota are
lactobacilli from the mother’s vagina, in the case of a eutocic delivery, while caesarean
delivery introduces bacteria from the skin. The microbiota one receives from their mother
affects the immune system [52]. The main metabolites produced by gut microbiota are
short-chain fatty acids (SCFAs): acetate, butyrate, and propionate [Figure 2] [76].
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Figure 2. Created with BioRender.com. Dietary fibers are carbohydrates that are not digestible in the
small intestines of mammals. Human intestinal lumen is rich in different types of microorganisms,
better known as gut microbiota. Dietary fiber fermentation by intestinal microorganisms produces
SCFA (acetate, butyrate, propionate). SCFAs bind specific G protein-coupled receptors (GPRs) on
the IECs surfaces called Gpr41, Gpr43, and Gpr109a. Recent studies demonstrated the role of these
receptors in regulating inflammation, GI functions, allergies, adipogenesis, the central nervous
system, and cardiovascular health. Butyrate stimulates DCs to produce IL-10 and RA, which are
responsible for the conversion of naive T cells into Treg, suppressing the Th17 response. Treg cells
produce IL-10, which has a role in the suppression of intestinal inflammation, and it is required for
the induction and maintenance of Treg cells. Gpr43 signaling induces K+ flux, which is responsible
for the activation of the NLR family pyrin domain containing 3 (NLRP3) inflammasome, resulting in
IL-18 maturation; Gpr109a signaling inhibits nuclear factor kappa-light-chain-enhancer of activated B
cells (NF-kB) activation in colonic epithelium and stimulates the IL-18 transcription. Gpr43 activation
inhibits neutrophils chemiotaxis, downregulating chemotactic receptors. DC: dendritic cells; Gpr43:
G protein-coupled receptor 43; Gpr109a: G protein-coupled receptor 109a; IL: interleukin; NF-kB:
nuclear factor kappa-light-chain-enhancer of activated B cells; NLRP3: NLR family pyrin domain
containing 3 (NLRP3) inflammasome; SCFA: small chain fatty acids; Th17: T helper type 17; Treg:
regulatory T cell.

Microbiota have many beneficial effects on human health including prevention of au-
toimmune and inflammatory diseases [3]. SCFAs result from the fermentation of insoluble
dietary fibers (like non-digestible carbohydrates) by intestinal microorganisms, and they
have a role in preventing FAs [1]. In a healthy individual, butyrate is used as a source
of energy by colonic epithelial cells for β-oxidation in the mitochondria; they consume
oxygen and contribute to maintaining anaerobic conditions in the lumen. Furthermore,
butyrate binds peroxisome proliferator-activated receptor gamma (PPAR-γ) in the colonic
cells, and it limits the diffusion of oxygen from the cells to the luminal surface, maintaining
the anaerobic conditions. In this way, SCFAs repress inducible nitric oxide synthase (iNOS),
resulting in the reduction of the nitric oxide (NO) level and nitrate production in the gut.
NO and nitrates are specific energy sources used by pathogenic facultative anaerobia to
proliferate. Butyrate can also stimulate Treg cells through epigenetic regulation of a Treg
transcription factor called FOXP3 [52]. In pathological situations, a low butyrate level is

BioRender.com


Int. J. Mol. Sci. 2023, 24, 9781 7 of 22

associated with lower oxygen consumption, lower PPAR-γ activity, higher expression of
iNOS, and a higher level of NO and nitrates available for pathogens [54]. Several studies
showed that GI microbiota in infants are a prognostic factor for FA development, even
before the onset of symptoms. Microbiota with low levels of Bifidobacteria and with higher
levels of proinflammatory metabolites are more frequently observed in infants who will
later develop FAs [3]. Moreover, recent evidence shows that allergic sensitization in in-
fanthood may be linked to gut microbiota with reduced capacity to produce SCFAs and,
in particular, butyrate [77]. Recent studies tried to explore the molecular mechanisms
underlying the role of microbiota in human health. Behind this phenomenon, there is a
close interaction between bacteria metabolites like SCFAs and specific receptors of host
cells, which can lead to the inhibition or activation of specific signaling pathways [52].
An important factor for food tolerance is the integrity of the intestinal barrier, which is
mainly influenced by IL-22: it regulates mucus secretion and microbial peptide production.
In this way, IL-22 fortifies the intestinal barrier, reducing the possibility that FAs reach
systemic circulation. The impairment of integrity of the intestinal barrier can facilitate the
passage of food antigens through it, which can affect oral tolerance of food [75]. In healthy
individuals, the microbiota (in particular, Clostridia colonization) stimulates type 3 innate
lymphoid cells (ILC3) to produce IL-22. It is conceivable that commensal bacteria can
influence the integrity of the gut barrier and, consequently, the allergic sensitization [52].
Microbiota seem to regulate allergic effector cell abundance. In 2010, Herbst et al. showed
that germ-free allergic mice had a higher number of basophils, infiltrating lymphocytes,
and eosinophils accumulated in their airways compared to the control group [78]. In 2013,
Cahenzli et al. reported that antibiotic-treated and germ-free mice had higher serum IgE
levels and an increased number of mast-cell-surface-bound IgE [79]. Altered microbiota
may lead to an increased histamine level, associated with a range of mucosal inflammatory
disorders like FAs [80]. In the GI tract, histamine is largely present, and it has an important
role in immunoregulation of some GI disorders including FAs. The effects of histamine
depend on the expression and activity of its four receptors: histamine receptor 1 (H1R),
H2R, H3R, and H4R. The receptor responsible for many of the features associated with
the allergic immediate-type hypersensitivity response is H1R; H2R can modulate mast cell
degranulation, antibody synthesis, cytokine production, and T-cell polarization; H3R is
an autoreceptor in the nervous system; H4R, the most recent receptor to be discovered,
shares some properties with the H3R. The levels of histamine and its receptors could be
involved in oral tolerance and sensitization of food, although the mechanisms are not well
known [80]. Histamine can modulate immune responses thanks to the different expressions
of its receptors: H1R is predominant on Th1 cells, and H2R on Th2 cells. Histamine en-
hances Th1 responses by triggering H1R. Both Th1 and Th2 responses are downregulated
by H2R. In mice without H1R, there is a suppression of IFN-γ, a dominant secretion of
Th2 cytokines IL-4 and IL-13, and higher levels of IgE, IgG1, IgG2b, and IgG3 compared
with mice lacking H2R [81].Any changes in composition and function of our gut microbiota
can lead to a pathological condition called “dysbiosis” [1]. Dysbiosis can occur in three
ways: loss of microbial diversity, loss of beneficial bacteria, and expansion of opportunistic
pathogens. Gut dysbiosis has proinflammatory effects, can contribute to the breaking of
oral tolerance [3], and may have a role in FA development [2], including CMPA. Several
studies show that the microbiota in infants with CMPA are different from their healthy
counterparts [82]. The gut microbiota of children with CMPA compared to healthy children
are richer in Trichocomaceae, Ruminococcaceae, Bacteroides, and Alistipes, with a decrease
in Bifidobacterium [83]. In 2019, Feehley et al. compared germ-free mice colonized with
gut microbiota from healthy children to germ-free mice colonized with gut microbiota
from infants with CMPA, and the first group had higher protection against anaphylactic
responses to cow’s milk allergens. In this way, they demonstrated that microbiota are
critical for the development of CMPA, and that intervention in the bacterial gut community
can be therapeutic [82].
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4.1. Role of Probiotics in Allergic Disorders

Several studies have tried to investigate the possible role of probiotics in influencing
the course of allergic pathologies such as AD, asthma, allergic rhinitis, and FAs [5,84–86].
Some studies have demonstrated the beneficial effect that probiotics have on AD; in par-
ticular, compared to a placebo, their administration caused a reduction of AD incidence
and relieved AD symptoms, especially in children older than 1 year. Beneficial effects of
probiotics depend on the dosage and the length of treatment: Jiang et al. showed that the
SCORAD (SCORing Atopic Dermatitis) score, which is used to evaluate AD clinical features,
improves more in patients treated for at least 8 weeks, compared to patients treated for a
shorter period [87]. A meta-analysis published in 2018 revealed that probiotic preparations
containing Lactobacillus species had a protective effect in infants with moderate-to-severe
AD, especially in patients younger than 36 months [88]. Probiotics supplementation causes
an alteration of the composition of gut microbiota; these changes play a key role in the
decrease in inflammation and in the consequent improvement of AD symptoms. The
mechanism responsible for the beneficial effect of probiotics in AD is still unclear, and
further prospective studies are needed [84]. In contrast to the optimistic effect on AD, a
meta-analysis showed that probiotics do not cause a significant reduction in asthma and
wheeze risk. The same study supposed that the lack of effect of probiotics in reducing the
risk of asthma/wheeze may have been due to the specific combinations of strains used in
these trials or to an insufficient follow-up length [89]. Regarding FAs, such as CMPA, it has
been shown that probiotics have beneficial effects, acting in various ways [Figure 3] [85,90].
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Figure 3. Created with BioRender.com. Probiotics have beneficial effects on FAs through different
mechanisms. They increase mucin expression in intestinal cells, and straighten mucus layers and
phosphorylate cytoskeletal tight junctional proteins, leading to the enhancement of the barrier
function. Immunological functions of probiotics include development of GALT, increased mucosal
IgA production, suppression of proinflammatory responses, and activation of anti-inflammatory
cytokines like IL-10. Antimicrobial activities of probiotics include decreasing luminal pH and
secreting bacteriocins and β-defensins, which are antibacterial substances; these functions lead to the
blockage of pathogenic bacteria adherence and translocation. Probiotics compete with pathogenic
bacteria for epithelial cell binding sites. DC: dendritic cells; IgA: immunoglobulin A; IL: interleukin;
Th-1: T helper type 1; Treg: regulatory T cell.
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4.2. Microbiota Modulation

Probiotics can modulate gut microbiota composition in different ways, inhibiting
pathogenic bacteria growth by competing with them for nutrients [90] and creating a
hostile environment for them [91,92]. There are several mechanisms inhibiting bacterial
growth, including production of broad spectrum bacteriocins, antimicrobial activity of
biosurfactants, and reduction of pH levels thanks to the SCFAs [93].

4.3. Enhancement of the Gut Barrier

Probiotics reinforce the physical intestinal barrier. More specifically, they can increase
the number of goblet cells and strengthen the mucus layer [94]. Several probiotics are
able to increase mucin expression in human intestinal cells [95,96]; e.g., VSL#3 has shown
the ability to increase the expression of MUC2, MUC3, and MUC5AC in HT29 cells [97].
Probiotics reinforce the intestinal physical barrier through the phosphorylation of cytoskele-
tal and tight junctional proteins, promoted by the interaction with actinin and occluding
junctions and maintained by the interaction with actin and ZO-1 (Zonula Occludens 1).
This phenomenon affects the ability of pathogenic bacteria to bind and invade IECs [98].
Probiotics modulate the expression of tight junction proteins such as occludins, ZO proteins,
and cingulins [99].

4.4. Immunological Function

Several studies demonstrated the key role of microbiota in the development of gut-
associated lymphoid tissue (GALT), showing that, in germ-free mice, there were Peyer
patches with incomplete germinal centers, reduced number of intraepithelial lymphocytes,
and reduced production of IgA by plasma cells in gut lamina propria [100].

One of the most important properties of probiotics is the ability to bind IECs; several
fragments of some probiotics, e.g., L. casei CRL 431 and L. paracasei CNCM I-1518, can be
internalized by IECs thanks to their capacity to bind toll-like receptors (TLRs) [101]. Because
of this interaction, proinflammatory responses are reduced by regulating NF-kB signaling
and reducing TNF-α. Moreover, probiotics modulate anti-inflammatory responses towards
IL-10, DC maturation, TGF-β secretion [100], and binding neutrophil receptors Gpr41 and
Gpr43 [102].

An important element of the intestinal barrier is represented by serum IgAs, which
are a basic element of the humoral adaptive immune system, specifically at mucosal sites.
The main producers of these immunoglobulins are plasma cells localized within intestinal
lamina propria [103]. Serum IgAs play various roles, such as binding the mucus layer site,
where they lead to the immune exclusion of mucosal antigens [104]. In the intestine, IgAs
are also responsible for the process better known as “immune exclusion”: it consists in the
capacity of these immunoglobulins to attach to commensal and pathogens bacteria, and
toxins, blocking an inflammatory response against them [105,106]. It has been shown that
probiotics administration can increase mucosal IgA production [100].

Probiotics are able to affect the intestinal immunologic response mediated by T-
lymphocytes; these cells play a fundamental role in protecting against pathogenic mi-
croorganisms in the GI system and in regulating the responses against food; their activity is
influenced by the commensal microbiota [107]. Oral probiotics administration has shown
the ability to induce T-lymphocytes cytokines secretion more than commensal bacteria [108].
These cytokines, more specifically INF-γ and IL-12, promote the activation of the Th1 re-
sponse by increasing IL-1β, IL-6, IL-8, and TNF-α, and the inhibition of the Th2 response,
by lowering IL-4 and IL-5 secretion [108–111].

4.5. Reduction of IgE Levels

Probiotics, if given in early life, reduce IgE serum levels and decrease the risk of atopic
sensitization [89]. Probiotics prevent allergies, increasing levels of plasmatic C-reactive
protein; this finding has been shown in children with eczema and CMPA treated with
probiotics [112]. Probiotics have to be viable to induce all of these results; non-viable
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probiotics do not survive in the intestinal environment and are quickly removed from
intestinal lumen [101].

5. Discussion

The evidence available in the literature concerning the use of probiotics in the man-
agement of CMPA was collected in this review, leading to conclusions that can be useful
for clinical practice. The results are encouraging, showing possible benefits in patients with
CMPA. Details are discussed below [Table 1].

Table 1. Main clinical studies evaluating the effects of supplementation of milk formula with oral
probiotics in the management of CMPA in pediatric populations.

Author, Year,
Nationality Study Design Sample Size at

Baseline
Sample Size at

Follow-Up Probiotics Period of
Administration Follow-Up Results

Hol et al., 2008,
Netherlands

[113]

Randomized
double-blind

placebo-
controlled

study

119 (1.4–
6.0 months)

SG = 59
CG = 60

At 6 months:
111 infants

At 12 months:
48 infants
SG = 23
CG = 25

Lactobacillus
casei CRL431

Bifidobacterium
lactis Bb-12

4 weeks 6–12 months

At 6 and
12 months, no
difference in
obtaining CT

(p = 0.92,
p = 0.58).

Berni Canani
et al., 2012,
Italy [114]

Randomized
trial

80 infants
(1–12 months)

CG = 40
SG = 40

Initial groups:
CG = 36
SG = 37

At 1 month:
CG = 28
SG = 27

At 6 months:
CG = 22
SG = 11

At 12 months:
CG = 13
SG = 5

Lactobacillus
rhamnosus GG 12 months 1–6–12 months

Supplementation
of eHCF with

LGG
accelerated CT

to CMP.

Vandenplas
et al., 2013,

Belgium
[115]

Double-blind
randomized

trial
116 infants

85 infants
eHWF = 41
eHCF = 44

Bifidobacterium
lactis,

Lactobacillus
rhamnosus GG

1 month Until 1 year

eHWF leads to
CT faster than

eHCF
(p = 0.037). The
SBS decreased
significantly
(p < 0.001) in
both groups.

Berni Canani
et al., 2013,

Italy
[116]

Open
prospective

non-
randomized

trial

260 infants
(0–12 months)

eHCF = 55
eHCF + LGG = 71

HRF = 46
SF = 55

AAF = 33

260 infants Lactobacillus
rhamnosus GG 12 months 12 months

Achieving CT
at 12 months

more
frequently in

eHCF and
eHCF + LGG

groups
(p < 0.05).

Ahanchian
et al., 2014,

Iran
[117]

Double-blind
randomized

trial

45 infants:
(1–12 months)

SG = 21
CG = 24

32 infants:
SG = 16
CG = 16

Symbiotic:
Lactobacillus

casei,
Lactobacillus
rhamnosus,

Streptooccus
thermophilus,

Bifidobacterium
breve,

Lactobacillus
acidophilus,

Bifidobacterium
infantis,

Lactobacillus
bulgaricus and

FOS

At least 1 week
72 h, 1 week,

2 weeks,
3 months

No significant
differences in

daily vomiting
or diarrhea in

SG and CG
(p > 0.005).

Improvement
in rectal

bleeding and
intestinal colic
in both groups

(p > 0.005).



Int. J. Mol. Sci. 2023, 24, 9781 11 of 22

Table 1. Cont.

Author, Year,
Nationality Study Design Sample Size at

Baseline
Sample Size at

Follow-Up Probiotics Period of
Administration Follow-Up Results

Berni Canani
et al., 2017,

Italy
[118]

Parallel arm
randomized

controlled trial

220 infants
(1–12 months)

SG = 110
CG = 110

At 12 months:
SG = 108
CG = 107

At 24 months:
SG = 103
CG = 101

At 36 months:
193 infants:

SG = 98
CG = 95

Lactobacillus
rhamnosus GG 36 months 12, 24,

36 months

At 36 months
lower risk

(p < 0.001) in
developing

another allergy
and

significantly
higher

probability of
acquiring CT
at 36 months
(p < 0.001).

Candy et al.,
2018, UK, Italy,

Belgium,
Sweden

[119]

Multicenter
double-blind,
randomized

controlled trial

122 subjects
under

13 months
CG = 36
SG = 35
HS = 51

CG = 28
SG = 32

Prebiotic blend
of chicory-

derived neutral
oligofructose

and long-chain
inulin and a

probiotic strain
Bifidobacterium
breve M-16 V

8 weeks 0, 8, 12, and
26 weeks

The stool
frequency
score was

lower in the SG
than in the CG

(p = 0.015).

Nocerino et al.,
2019, Italy

[120]

Non-
randomized

trial

330 subjects,
(4–6 years)
CG = 110
SG = 110
HS = 110

= Lactobacillus
rhamnosus GG 12 months 5 years

eHCF + LGG
could lower

the occurrence
of FGIDs in

patients with
history of

CMPA
(p < 0.001).

Guest et al.,
2019, UK

[121]

Retrospective
cohort analysis

940 infants
under 1 year

CG = 470
SG = 470

= Lactobacillus
rhamnosus GG

Mean duration:
8.3± 5.30 months

24 months
after starting
the formula

eHCF + LGG
accelerated CT

(p = 0.001).
Clinical

wellbeing in
SG infants

compared to
CG (p < 0.02).

Jing et al., 2020,
China
[122]

Double-blind,
randomized

controlled trial

256 infants (0.5
to 12 months)

SG = 128
CG = 128

At 6 months:
244 infants:

SG = 123
CG = 121

Bifidobacterium
bifidum

TMC3115
6 months 6 months

Allergic
symptoms

improvement
in SG

(p < 0.05).

Basturk et al.,
2020, Turkey

[123]

Randomized
multicenter

double-blind
placebo-

controlled
study

106 infants
(0–12 months)

SG = 51
CG = 55

At 4 weeks:
100 infants:

SG = 48
CG = 52

Lactobacillus
rhamnosus GG 4 weeks 4 weeks

Clinical
improvements
in both groups

Sorensen et al.,
2021, UK

[124]

Retrospective
matched

cohort study

148 infants
SG = 74
CG = 74

(0–12 months)
in the analyzed

database

/

Symbiotic:
Bifidobacterium

breve M16-V
and prebiotics

(including
chicory-
derived

oligo-fructose
and long-chain

inulin)

Mean duration:
SG:

6.65 ± 5.30 months
CG:

8.44 ± 5.62 months

Mean
observation

period:
1.19 years

In SG,
improvement

in clinical
symptoms and

better
prognosis
(p < 0.001).
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Table 1. Cont.

Author, Year,
Nationality Study Design Sample Size at

Baseline
Sample Size at

Follow-Up Probiotics Period of
Administration Follow-Up Results

Hubbard et al.,
2022, UK [125]

Prospective
single-arm

longitudinal
interventional

multicenter
study

33 infants
(<13 months) 29 infants

SeHF with
galacto-

oligosaccharides,
fructo-

oligosaccharides,
and

Bifidobacterium
Breve M-16V

28 days

6 months
before and

6 months after
SeHF initiation

Improvements
in GI

symptoms
(p ≤ 0.005).

Chatchatee
et al., 2022,

Thailand [126]

Multicenter
prospective
randomized
double-blind

controlled
clinical study

169 infants
(<13 months)

SG = 80
CG = 89

At 12 months:
63 infants:

SG = 71
CG = 81

At 24 months:
55 infants:

SG = 64
CG = 71

Prebiotic
oligosaccha-

rides
(oligofructose,

inulin) and
probiotic

Bifidobacterium
breve M-16V

12 months 12–24 months

At 12 and
24 months, no
difference in
obtaining CT

(p = 0.401,
p = 0.53).

Nocerino et al.,
2023, Italy

[127]

Randomized
controlled trial

59 infants
(<6 months)

AAF = 30
EHCF + LGG = 29

= Lacticaseibacillus
rhamnosus GG

Until
12 months of

age
12 months

Step-down
from AAF to

EHCF + LGG
could facilitate

the CT.

Yamamoto-
Hanada et al.,
2023, Japan

[128]

Double-blind
randomized

two-arm
parallel group

placebo-
controlled

phase 2 trial

61 children
(1–18 years)

SG = 31
CG = 30

59 children:
SG = 30
CG = 29

Lactiplantibacillus
plantarum YIT
0132 (LP0132)

24 weeks 24 weeks

No significant
differences

between two
groups in CT

(p = 1.00).

Strisciuglio
et al., 2023,
Italy [129]

Prospective
non-

randomized
pilot trial

8 infants (6–12
months) =

Bifidobacterium
Longum BB536,
Bifidobacterium
Infantis M-63,

Bifidobacterium
breve M-16V

45 days

After 45 days
and 45 days

after the
probiotic
wash-out

Bifidobacteria
could have a

role in the
acquisition of
CT to CMPs.

SG: study group; CG: control group; CT: clinical tolerance; eHCF: extensively hydrolyzed casein-based formula;
LGG: Lactobacillus Rhamnosus GG; CMP: cow’s milk protein; eHWF: extensively whey hydrolyzed formula; SBS:
symptom-based score; HRF: hydrolyzed rice formula; SF: soy formula; AAF: amino acid-based formula; FOS:
fructo-oligosaccharides; HS: healthy subjects; FGIDs: functional gastrointestinal disorders; CMPA: cow’s milk
protein allergy; SeHF: synbiotic-containing, whey-based eHF.

5.1. Retrospective Studies

In 2019, Guest and Fuller published a retrospective analysis comparing the extensively
hydrolyzed whey formula (eHWF) and the eHCF + LGG formula in managing cow’s
milk allergies in infants. The study population consisted of a randomly selected cohort
of 470 cow’s milk allergic infants who were initially fed with eHWF and 470 cow’s milk
allergic infants who were initially fed with eHCF + LGG. They showed that eHCF + LGG-
fed infants remained on their initial formula longer than eHWF-fed infants (76 vs. 69%;
p < 0.02) and continued the elimination diet for a significantly shorter time (8.3 ± 6.7 vs.
10.2 ± 8.9 months; p = 0.001). Moreover, after 24 months of formula, more eHWF-fed
infants were experiencing gastrointestinal symptoms, eczema, and asthma, compared to
those fed with eHCF + LGG (7.1 vs. 3.1%; p < 0.02). Therefore, the findings from this study
indicate that eHCF + LGG not only appears to be more clinically effective than eHWF, but
it also may slow down the allergic march seen in children with cow’s milk allergy [121].

In 2021, Sorensen et al. published a retrospective matched cohort study to examine
clinical and healthcare data from The Health Improvement Network database, which
contained data from 3499 infants (<12 months of age) with confirmed or suspected diagnosis
of CMPA, indexed within 5 years. They were divided into two groups: a study group who
received AAF supplemented with symbiotic (n = 74) and a control group who received
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only AAF (n = 74). The goal was to analyze the clinical effects of the supplementation
of the AAF with the probiotic Bifidobacterium breve M16-V and prebiotics (including
chicory-derived oligo-fructose and long-chain inulin). The study group, compared to
the control group, had statistically significant improvement in clinical symptoms (−37%,
p < 0.001), infections (−35%, p < 0.001), and medication effectiveness (−19%, p < 0.001),
and significantly less allergic symptoms (32% vs. 61% overall, p < 0.001). Infants receiving
symbiotics had a significantly higher probability of achieving asymptomatic management
without hypoallergenic formula (p < 0.001), with a shorter clinical course of symptoms [124].

5.2. Non-Randomized Trials

In 2019, Nocerino et al. published a non-randomized trial on 220 subjects, aged
4–6 years, with a history of CMPA in the first year of life. Among these subjects, 110
were treated with eHCF alone, and 110 were treated with eHCF + LGG. They were then
compared to the healthy infants control group. Both study groups had evidence of immune
tolerance acquisition to cow’s milk for at least 12 months. A full clinical evaluation was
performed, and the validated questionnaires on the Rome III diagnostic criteria (QPGS-RIII)
were submitted to the parents. The researchers observed that the eHCF cohort had an
absolute incidence of functional gastrointestinal disorders (FGIDs) of 0.40 (robust 95% CI,
0.31–0.50), while the eHCF + LGG cohort had an absolute incidence of FGIDs of 0.16 (robust
95% CI, 0.09–0.23). These data correspond to a relative risk difference of 60% (95% CI, 79%
to 40%) for eHCF + LGG vs. eHCF (p < 0.001). The incidence rate of FGIDs in the healthy
cohort was 0.21 (robust 95% CI, 0.12 to 0.29), lower than that seen in the eHCF group and
closer to that of the eHCF + LGG group. This study shows that the supplementation with
LGG could lower the occurrence of FGIDs in patients with a history of CMPA [120].

In 2013, Berni Canani et al. posted an open non-randomized trial in which 260 infants
(<12 months) with CMPA were prospectively evaluated and subdivided into five groups
depending on the formula that was already prescribed by a family pediatrician or physician
(1 = eHCF; 2 = eHCF + LGG; 3 = HRF; 4 = SF; 5 = AAF). The primary goal was to evaluate
the rate of acquisition of tolerance in children with CMPA, which was assessed by a
double-blind placebo-controlled food challenge (DBPCFC) performed after 12 months of
an exclusion diet with different formulas. The authors observed that the groups receiving
eHCF or eHCF + LGG achieved tolerance at 12 months significantly (p < 0.05) more
frequently (group 1 = 43.6%; group 2 = 78.9%) than the other groups receiving HRF (32.6%),
SF (23.6%), and AAF (18.2%). The binary regression analysis coefficient (B) revealed that
the rate of acquisition of tolerance at the end of the study was influenced by the mechanism
of CMPA (i.e., being lower in subjects with an IgE-mediated mechanism [B 2.05, OR 0.12,
95% CI 0.06–0.26; p < 0.001]) and by formula type, increasing with the use of eHCF (B
1.48, OR 4.41, 95% CI 1.44–13.48; p = 0.009) and eHCF + LGG (B 3.35, OR 28.62, 95% CI
8.72–93.93; p < 0.001). Subgroup analysis showed that in both IgE and non-IgE-mediated
CMPA, the addition of LGG resulted in an even higher rate of acquisition of tolerance after
12 months of treatment with eHCF [116].

In 2022, Hubbard et al. published a prospective, single-arm, longitudinal, interven-
tional, multicenter study, conducted between October 2017 and November 2020, in order to
evaluate clinical outcomes in infants with CMPA receiving a synbiotic-containing, whey-
based eHF (SeHF). The study involved 29 infants (<13 months) with non-IgE-mediated
CMPA, currently using or requiring an eHF for the dietary management of CMPA (at least
25% of their energy intake). All infants received a SeHF with galacto-oligosaccharides,
fructo-oligosaccharides, and Bifidobacterium Breve M-16V, and those who completed the
intervention period were evaluated in the follow-up phase of the study during the 6 months
before and 6 months after SeHF initiation. They showed significant improvements in GI
symptoms, regarding the severity of abdominal pain (in 57%, Z = −2.972, p = 0.003), burp-
ing (in 46%, Z = −2.321, p = 0.02), flatulence (in 79%, Z = −2.802, p = 0.005), and constipation
(in 14%, Z = −1.890, p< 0.04). As secondary outcomes, significant improvements were
also observed in rhinitis (41%, p = 0.048) and itchy eyes (73%, p = 0.048), as well as atopic
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dermatitis in those infants with severe baseline symptoms. Furthermore, growth and
caregiver quality-of-life scores significantly increased (+26.7%, p < 0.05) over time. Hospital
visits and medications were significantly reduced (−1.61 and −2.23, respectively, p < 0.005)
in the 6 months after SeHF initiation [125].

In 2023, Strisciuglio conducted a prospective non-randomized pilot trial aiming to
investigate the effect of Bifidobacteria in the phenotype and activation status of peripheral
basophils and lymphocytes in a pediatric CMPA cohort of 8 children (6–12 months) with a
diagnosis of IgE-mediated CMPA. Blood samples were collected at diagnosis (T0), after a
45-day probiotic treatment (T1), and 45 days after the probiotic wash-out (T2). The authors
observed that after treating patients with Bifidobacteria, naive T lymphocytes decreased
significantly. Among the CD3+ cell subsets, both naive and activated CD4+ cells were
markedly reduced after taking Bifidobacteria, with the lowest percentages at T2. Furthermore,
at T1, there was a basophil degranulation in response to all analyzed CMPs, compared
to T0. In conclusion, the Bifidobacteria treatment was able to modulate both innate and
adaptive immunity, with persistent beneficial effects long after the interruption of probiotics
oral supplementation. These results suggest that the Bifidobacteria could have a role in the
acquisition of oral tolerance to CMPs, with a consequent possible benefit in the treatment
of CMPA [129].

5.3. Randomized Controlled Trials

In 2020, Jing et al. published a randomized double-blind controlled trial in order
to assess the possible clinical effect of Bifidobacterium bifidum TMC3115 in 256 infants
from 0.5 to 12 months of age with a diagnosis of CMPA. Half of the patients received
Bifidobacterium bifidum, and the other half received a placebo. After six months of treatment,
in the intervention group, compared with the control group, the allergic symptoms were
improved (p < 0.05), the serum levels of inflammatory cytokines TNF, IL-1, and IL-6 were
reduced, the level of IL-10 was increased (p < 0.05), and the IgE serum level decreased
(p = 0.001). They also studied the composition of the microbiota in both groups: after six
months, the probiotic intervention increased the genus proportion of Lactobacillus, Alistipes,
and Barnesiella, and reduced the proportion of Anaerovibrio, Christensenellaceae, Oscillibacter,
Bilophila, Dorea, and Roseburia when compared with the control group [122].

In 2020, Basturk et al. published a randomized multicenter double-blind placebo-
controlled study to show the possible efficacy of LGG in 106 infants (<12 months) with
CMPA. They were divided into two groups: a probiotic group (n = 51) who received
1 × 109 colony forming units (CFU) of LGG orally per day and a placebo group (n = 55). Af-
ter four weeks, infants in the probiotic group showed statistically significant improvement
in symptoms like bloody stool, diarrhea, restiveness, and abdominal distension (p ≤ 0.001),
and improvement in mucous stool (p = 0.038) and vomiting (p = 0.034). There was no
statistically significant improvement in abdominal pain (p = 0.325), constipation (p = 0.917),
and dermatitis (p = 0.071). In the placebo group, there were statistically significant improve-
ments in abdominal pain (p ≤ 0.001), bloody stool (p = 0.007), and restiveness (p = 0.026).
Complete recovery rates were higher in the probiotic group than in the placebo group, but
they were not statistically significant (62% vs. 37%, p = 0.147) [123].

In 2017, Berni Canani et al. conducted a parallel-arm randomized controlled trial to
test the efficacy of LGG added to eHCF in 220 infants (1–12 months) with IgE-mediated
CMPA, randomly divided into two groups: one group received eHCF containing LGG
(n = 110), and the other one received only eHCF (n = 110). After 36 months of LGG
supplementation, infants had a significantly lower risk (p < 0.001) in developing another
allergic manifestation compared to the control group, and a significantly higher probability
of acquiring cow’s milk oral tolerance at 36 months (p < 0.001). Moreover, they studied the
effects of eHCF with LGG on the microbiota: their findings suggested that LGG increased
the abundance of butyrate in the microbiota [118].

In 2012, Berni Canani et al. published a randomized trial to study whether supplemen-
tation of eHCF with LGG could affect the acquisition of tolerance in infants with CMPA.
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The subjects of this study were 80 infants (1–12 months of age) evaluated for suspected
CMPA but still receiving cow’s milk protein (CMP), randomly divided into group 1 (n = 40)
receiving eHCF and group 2 (n = 40) receiving eHCF + LGG. The study showed that the
rate of full clinical tolerance acquisition was always higher in group 2 than in group 1.
After 12 months, SPT and atopy patch test (APT) responses were negative in all patients
with tolerance acquisition, without significant differences in the two groups. Patients
with negative DBPCFC at 6 and 12 months were revaluated to check the persistence of
clinical tolerance to CMP, confirming that all subjects consumed regular doses of cow’s
milk without signs and symptoms related to CMPA [114].

In 2018, Candy et al. published a multicenter double-blind randomized controlled
trial to assess the effects of AAF containing a prebiotic blend (chicory-derived neutral
oligofructose and long-chain inulin) and a probiotic strain Bifidobacterium breve M-16 V
in infants with suspected non-IgE CMPA, compared to an AAF without symbiotic. The
aim of the study was to determine if the two different formulas could influence the mi-
crobial composition and fecal characteristics (percentages of Bifidobacteria and Eubacterium
rectale (ER)/Clostridium coccoides (CC)) of infants with CMPA. They selected 71 subjects
(<13 months) with a suspected diagnosis of CMPA, compared to a group of heathy infants.
The results of the trial showed that the median percentages of Bifidobacteria in the study
group were higher (35.4% vs. 9.7%, respectively), and the median percentages of adult-like
ER/CC were lower (9.5% vs. 24.2%, respectively) (p < 0.001) compared to the control group.
Concerning the stool characteristics, the frequency score was lower in the study group
than in the control group (p = 0.015). Overall, even if GI and general symptoms improved
over time, there were not significant differences between the study and control groups.
Therefore, the study showed that microbial composition of infants with suspected non-IgE
CMPA who received the test formula was closer to that of the healthy infants group than to
the control group [119].

In 2013, Vandenplas et al. published a double-blind randomized trial to compare the
efficacy of an eHWF enriched with Bifidobacterium lactis to eHCF enriched with LGG. The
goal of the trial was to show non-inferiority of the eHWF to the eHCF, collect anthropo-
metric data, and analyze gastrointestinal flora, determining concentrations of Bifidobacteria,
Lactobacilli, Bacteroides, and Clostridia. The participants were 85 infants, randomly assigned
to the eHWF formula group (n = 41) or the eHCF group (n = 44). After one month, an
open challenge was performed with a standard starter formula to see if infants showed
any reaction. The challenge was positive in 63% of children in the eHWF group and in
75% of children in the eHCF group. Late reactions were observed in 20% of children in
the eHWF group and 41% in the eHCF (p = 0.037). Moreover, the clinical score used for
analyzing symptoms decreased significantly after the first month by 8.07 (95% CI –8.74,
7.40; p < 0.001) in both groups. At the age of 1 year, the eHWF group grew faster in terms
of weight and height for age z-scores. Therefore, the study showed that the eHWF was as
efficacious as the eHCF, and that the administration of these two formulas in infants with
mild to moderate CMPA led to a strong improvement in clinical symptoms [115].

In a double-blind randomized clinical trial published in 2014, Ahanchian et al. studied
the effects of probiotics in 32 infants (1–12 months old) with CMPA, equally divided into
a study and a placebo group. The study group received a symbiotic containing 1 billion
CFU of a mixture of Lactobacillus casei, Lactobacillus rhamnosus, Streptococcus thermophilus,
Bifidobacterium breve, Lactobacillus acidophilus, Bifidobacterium infantis, and Lactobacillus bulgar-
icus. Before the study began, all patients had GI symptoms. No significant differences were
observed when considering daily vomiting or diarrhea between the study and the placebo
groups after 72 h (p = 0.5 vs. p = 0.4), after one week (p = 0.5 vs. p = 0.4), after two weeks
(p = 0.6 vs. p = 0.3), and after three months (p = 0.6 vs. p = 0.7). There were no significant
differences in rectal bleeding or intestinal colic between the two groups [117].

Hol J. et al. conducted a randomized double-blind placebo-controlled study, which
was published in 2008. They enrolled 119 infants (1.4–6 months), divided into two groups:
a placebo group that received eHF alone and a probiotic group that received eHF associated
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with Lactobacillus casei CRL431 (Lactobacillus paracasei subspecies paracasei) and Bifidobac-
terium lactis Bb-12. The primary goal of the trial was clinical tolerance, which was obtained
in both groups at 6 months (56% of the probiotic group and 54% of the placebo one),
showing a non-statistically significant result (p = 0.92). Manifestations in other districts
were evaluated, showing that the non-responsive infants in the study group expressed
symptoms in two or more organ systems (36% skin reactions, 4% subjective reactions, 16%
gastrointestinal symptoms). Infants who did not show tolerance at 6 months were rechal-
lenged at 12 months: in the probiotic group, 48% of infants reached tolerance, compared
to 60% in the placebo group (non-statistically significant result, p = 0.58). The majority of
the responsive infants, at 12 months, expressed symptoms in two or more organ systems
(27%) or skin reactions (41%); subjective reactions and gastrointestinal symptoms were less
frequent (18% and 9%, respectively) [113].

In 2022, Chatchatee et al. published a multicenter, prospective, randomized, double-
blind, controlled clinical study to evaluate the possible clinical benefits of AAF supple-
mented with synbiotics in infants with CMPA. The subjects of this study were 169 infants
(<13 months) divided into a SG (n = 80), who received AAF + synbiotics (AAF-S) com-
prising prebiotic oligosaccharides (oligofructose, inulin) and probiotic Bifidobacterium breve
M-16 V, and a CG (n = 89), who received AAF. The study demonstrated that there were
no statistically significant differences in the SG and CG in the proportions of subjects who
developed tolerance: at 12 months (45% vs. 52%, p = 0.401) and at 24 months (64% vs. 42,
p = 0.530) [126].

In 2023, Nocerino et al. published a randomized controlled trial to evaluate the rate
of immune tolerance acquisition in children with CMPA starting dietary treatment with
AAF and then switching to EHCF + Lacticaseibacillus rhamnosus GG (EHCF + LGG). The
subjects of this study included 59 infants (<6 months) with IgE-mediated CMPA, previously
placed on AAF by their family pediatrician or physician, divided into two groups: one
group who stayed on AAF (n = 30) and one group who switched to EHCF + LGG (n = 29).
After 12 months, the rate of CT was higher in the EHCF + LGG group (0.48, 95% exact CI
0.29–0.67, n/N = 14/29) than in the AAF group (0.03, 95% exact CI 0.001–0.17, n/N = 1/30).
They demonstrated that in IgE-mediated CMPA children, the step-down from AAF to
EHCF + LGG was well tolerated and could facilitate the immune tolerance acquisition [127].

In 2023, Yamamoto-Hanada published a double-blind, randomized, two-arm, parallel-
group, placebo-controlled phase 2 trial, conducted in Japan to assess the efficacy and
feasibility of a combination of heat-killed Lactiplantibacillus plantarum YIT 0132 (LP0132)
and OIT for treating IgE-mediated CMPA. They enrolled children between 1 and 18 years
of age, randomly divided into a study group (n = 31), which received citrus juice fermented
with LP0132, and a control group (n = 30), which received citrus juice without LP0132.
Both groups received low-dose slow oral immunotherapy with cow’s milk. After the
intervention, 41.4% of the LP0132 group and 37.9% of the control group showed improved
tolerance to CM, proven by the CM challenge test at 24 weeks, with no significant differences
between the two groups (p = 1.00). As secondary outcomes, they studied changes in
serum biomarkers: they found significant suppression of sIgG4 reduction in the LP0132
group (p = 0.01) and significantly lower levels of IL-5 and IL-9, compared to the control
group. Furthermore, focusing on gut microbiota composition, the α-diversity index and
Lachnospiraceae increased significantly in the LP0132 group compared to the control
group [128].

6. Methods

Several studies attempted to demonstrate the role of probiotics in the management
of CMPA. This review was written by selecting from the PubMed and Scopus servers the
most relevant articles on this topic. The following keywords were used for the research:
“cow milk allergy”, “cow milk protein allergy”, “cow’s milk allergy”, “cow’s milk protein
allergy”, “CMA”, “CMPA”, and “probiotics”. Studies from 2008 to 2023 were selected,
excluding reviews and meta-analyses.
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7. Conclusions

The possible effects of probiotics in the management of FAs have been investigated
in the literature. Most studies included in our review have proven the beneficial effect
of probiotics in CMPA patients, especially in terms of achieving tolerance and improving
symptoms. Although these preliminary results are encouraging, the differences in study
design, time of probiotics administration, and duration of follow-up need to be considered.
In conclusion, further studies are needed to confirm the beneficial effects of probiotics in
the management of CMPA.
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30. Venter, C.; Brown, T.; Meyer, R.; Walsh, J.; Shah, N.; Nowak-Węgrzyn, A.; Chen, T.-X.; Fleischer, D.M.; Heine, R.G.; Levin, M.; et al.

Better Recognition, Diagnosis and Management of Non-IgE-Mediated Cow’s Milk Allergy in Infancy: IMAP-an International
Interpretation of the MAP (Milk Allergy in Primary Care) Guideline. Clin. Transl. Allergy 2017, 7, 26. [CrossRef]

31. Fiocchi, A.; Brozek, J.; Schünemann, H.; Bahna, S.L.; von Berg, A.; Beyer, K.; Bozzola, M.; Bradsher, J.; Compalati, E.; Ebisawa, M.;
et al. World Allergy Organization (WAO) Diagnosis and Rationale for Action against Cow’s Milk Allergy (DRACMA) Guidelines.
Pediatr. Allergy Immunol. 2010, 21 (Suppl. 21), 1–125. [CrossRef]

32. Dupont, C.; Chouraqui, J.-P.; Linglart, A.; Bocquet, A.; Darmaun, D.; Feillet, F.; Frelut, M.-L.; Girardet, J.-P.; Hankard, R.; Rozé,
J.-C.; et al. Nutritional Management of Cow’s Milk Allergy in Children: An Update. Arch. Pediatr. 2018, 25, 236–243. [CrossRef]

33. Luyt, D.; Ball, H.; Makwana, N.; Green, M.R.; Bravin, K.; Nasser, S.M.; Clark, A.T.; Standards of Care Committee (SOCC) of the
British Society for Allergy and Clinical Immunology (BSACI). BSACI Guideline for the Diagnosis and Management of Cow’s
Milk Allergy. Clin. Exp. Allergy 2014, 44, 642–672. [CrossRef]

34. Espín Jaime, B.; Díaz Martín, J.J.; Blesa Baviera, L.C.; Claver Monzón, Á.; Hernández Hernández, A.; García Burriel, J.I.; Mérida,
M.J.G.; Pinto Fernández, C.; Coronel Rodríguez, C.; Román Riechmann, E.; et al. Non-IgE-mediated cow’s milk allergy: Consensus
document of the Spanish Society of Paediatric Gastroenterology, Hepatology, and Nutrition (SEGHNP), the Spanish Association
of Paediatric Primary Care (AEPAP), the Spanish Society of Extra-hospital Paediatrics and Primary Health Care (SEPEAP), and
the Spanish Society of Paediatric ClinicaL Immunology, Allergy, and Asthma (SEICAP). An. Pediatría 2019, 90, 193.e1. [CrossRef]

35. de Boissieu, D.; Dupont, C. Allergy to Extensively Hydrolyzed Cow’s Milk Proteins in Infants: Safety and Duration of Amino
Acid-Based Formula. J. Pediatr. 2002, 141, 271–273. [CrossRef] [PubMed]

36. Vandenplas, Y.; Dupont, C.; Eigenmann, P.; Host, A.; Kuitunen, M.; Ribes-Koninckx, C.; Shah, N.; Shamir, R.; Staiano, A.;
Szajewska, H.; et al. A Workshop Report on the Development of the Cow’s Milk-Related Symptom Score Awareness Tool for
Young Children. Acta Paediatr. 2015, 104, 334–339. [CrossRef] [PubMed]

37. Vandenplas, Y.; Bajerova, K.; Dupont, C.; Eigenmann, P.; Kuitunen, M.; Meyer, R.; Ribes-Koninckx, C.; Salvatore, S.; Shamir, R.;
Szajewska, H. The Cow’s Milk Related Symptom Score: The 2022 Update. Nutrients 2022, 14, 2682. [CrossRef]

38. Vandenplas, Y.; Koletzko, S.; Isolauri, E.; Hill, D.; Oranje, A.P.; Brueton, M.; Staiano, A.; Dupont, C. Guidelines for the Diagnosis
and Management of Cow’s Milk Protein Allergy in Infants. Arch. Dis. Child. 2007, 92, 902–908. [CrossRef]

39. Muraro, A.; Werfel, T.; Hoffmann-Sommergruber, K.; Roberts, G.; Beyer, K.; Bindslev-Jensen, C.; Cardona, V.; Dubois, A.; duToit,
G.; Eigenmann, P.; et al. EAACI Food Allergy and Anaphylaxis Guidelines: Diagnosis and Management of Food Allergy. Allergy
2014, 69, 1008–1025. [CrossRef]

https://doi.org/10.2174/1871530314666140121144224
https://doi.org/10.3390/nu14030629
https://doi.org/10.1155/2023/1129449
https://doi.org/10.1016/S1081-1206(10)61726-7
https://doi.org/10.1016/j.jaci.2008.05.043
https://doi.org/10.1021/jf0304371
https://doi.org/10.1111/j.1399-3038.1994.tb00352.x
https://www.ncbi.nlm.nih.gov/pubmed/7704117
https://doi.org/10.1097/MPG.0b013e31825c9482
https://www.ncbi.nlm.nih.gov/pubmed/22569527
https://doi.org/10.3390/nu13010226
https://www.ncbi.nlm.nih.gov/pubmed/33466746
https://www.uptodate.com/contents/milk-allergy-clinical-features-and-diagnosis?search=Milk%20allergy:%20Clinical%20features%20and%20diagnosis.%20UptoDate&source=search_result&selectedTitle=1~150&usage_type=default&display_rank=1#topicContent
https://www.uptodate.com/contents/milk-allergy-clinical-features-and-diagnosis?search=Milk%20allergy:%20Clinical%20features%20and%20diagnosis.%20UptoDate&source=search_result&selectedTitle=1~150&usage_type=default&display_rank=1#topicContent
https://www.uptodate.com/contents/milk-allergy-clinical-features-and-diagnosis?search=Milk%20allergy:%20Clinical%20features%20and%20diagnosis.%20UptoDate&source=search_result&selectedTitle=1~150&usage_type=default&display_rank=1#topicContent
https://doi.org/10.1016/S0091-6749(99)70411-2
https://doi.org/10.1016/j.jaci.2015.03.025
https://doi.org/10.2174/1573396315666191031103714
https://doi.org/10.1007/s13312-020-1916-5
https://doi.org/10.1186/s13601-017-0162-y
https://doi.org/10.1097/WOX.0b013e3181defeb9
https://doi.org/10.1016/j.arcped.2018.01.007
https://doi.org/10.1111/cea.12302
https://doi.org/10.1016/j.anpedi.2018.11.007
https://doi.org/10.1067/mpd.2002.126299
https://www.ncbi.nlm.nih.gov/pubmed/12183726
https://doi.org/10.1111/apa.12902
https://www.ncbi.nlm.nih.gov/pubmed/25557474
https://doi.org/10.3390/nu14132682
https://doi.org/10.1136/adc.2006.110999
https://doi.org/10.1111/all.12429


Int. J. Mol. Sci. 2023, 24, 9781 19 of 22

40. Agostoni, C.; Terracciano, L.; Varin, E.; Fiocchi, A. The Nutritional Value of Protein-Hydrolyzed Formulae. Crit. Rev. Food Sci.
Nutr. 2016, 56, 65–69. [CrossRef]

41. Borschel, M.W.; Ziegler, E.E.; Wedig, R.T.; Oliver, J.S. Growth of Healthy Term Infants Fed an Extensively Hydrolyzed Casein-
Based or Free Amino Acid-Based Infant Formula: A Randomized, Double-Blind, Controlled Trial. Clin. Pediatr. 2013, 52, 910–917.
[CrossRef]

42. Meyer, R.; Groetch, M.; Venter, C. When Should Infants with Cow’s Milk Protein Allergy Use an Amino Acid Formula? A
Practical Guide. J. Allergy Clin. Immunol. Pract. 2018, 6, 383–399. [CrossRef]

43. Tosca, M.A.; Olcese, R.; Marinelli, G.; Schiavetti, I.; Ciprandi, G. Oral Immunotherapy for Children with Cow’s Milk Allergy: A
Practical Approach. Children 2022, 9, 1872. [CrossRef] [PubMed]

44. Cronin, C.; Ramesh, Y.; De Pieri, C.; Velasco, R.; Trujillo, J. “Early Introduction” of Cow’s Milk for Children with IgE-Mediated
Cow’s Milk Protein Allergy: A Review of Current and Emerging Approaches for CMPA Management. Nutrients 2023, 15, 1397.
[CrossRef] [PubMed]

45. Tang, L.; Yu, Y.; Pu, X.; Chen, J. Oral Immunotherapy for Immunoglobulin E-Mediated Cow’s Milk Allergy in Children: A
Systematic Review and Meta Analysis. Immun. Inflamm. Dis. 2022, 10, e704. [CrossRef]

46. Akarsu, A.; Brindisi, G.; Fiocchi, A.; Zicari, A.M.; Arasi, S. Oral Immunotherapy in Food Allergy: A Critical Pediatric Perspective.
Front. Pediatr. 2022, 10, 842196. [CrossRef]

47. Akdis, C.A. Does the Epithelial Barrier Hypothesis Explain the Increase in Allergy, Autoimmunity and Other Chronic Conditions?
Nat. Rev. Immunol. 2021, 21, 739–751. [CrossRef] [PubMed]

48. Celebi Sozener, Z.; Ozdel Ozturk, B.; Cerci, P.; Turk, M.; Gorgulu Akin, B.; Akdis, M.; Altiner, S.; Ozbey, U.; Ogulur, I.; Mitamura,
Y.; et al. Epithelial Barrier Hypothesis: Effect of the External Exposome on the Microbiome and Epithelial Barriers in Allergic
Disease. Allergy 2022, 77, 1418–1449. [CrossRef]

49. Yazici, D.; Ogulur, I.; Kucukkase, O.; Li, M.; Rinaldi, A.O.; Pat, Y.; Wallimann, A.; Wawrocki, S.; Celebi Sozener, Z.; Buyuktiryaki,
B.; et al. Epithelial Barrier Hypothesis and the Development of Allergic and Autoimmune Diseases. Allergo J. Int. 2022, 31, 91–102.
[CrossRef]

50. Akdis, C.A. The Epithelial Barrier Hypothesis Proposes a Comprehensive Understanding of the Origins of Allergic and Other
Chronic Noncommunicable Diseases. J. Allergy Clin. Immunol. 2022, 149, 41–44. [CrossRef]

51. Vickery, B.P.; Scurlock, A.M.; Jones, S.M.; Burks, A.W. Mechanisms of Immune Tolerance Relevant to Food Allergy. J. Allergy Clin.
Immunol. 2011, 127, 576–584, quiz 585–586. [CrossRef]

52. Iweala, O.I.; Nagler, C.R. The Microbiome and Food Allergy. Annu. Rev. Immunol. 2019, 37, 377–403. [CrossRef]
53. Azad, M.A.K.; Sarker, M.; Wan, D. Immunomodulatory Effects of Probiotics on Cytokine Profiles. Biomed. Res. Int. 2018, 2018,

8063647. [CrossRef] [PubMed]
54. de Vos, W.M.; Tilg, H.; Van Hul, M.; Cani, P.D. Gut Microbiome and Health: Mechanistic Insights. Gut 2022, 71, 1020–1032.

[CrossRef] [PubMed]
55. Gowthaman, U.; Sikder, S.; Lee, D.; Fisher, C. T Follicular Helper Cells in IgE-Mediated Pathologies. Curr. Opin. Immunol. 2022,

74, 133–139. [CrossRef] [PubMed]
56. Crotty, S. T Follicular Helper Cell Biology: A Decade of Discovery and Diseases. Immunity 2019, 50, 1132–1148. [CrossRef]
57. Vinuesa, C.G.; Linterman, M.A.; Yu, D.; MacLennan, I.C.M. Follicular Helper T Cells. Annu. Rev. Immunol. 2016, 34, 335–368.

[CrossRef]
58. Qi, H. T Follicular Helper Cells in Space-Time. Nat. Rev. Immunol. 2016, 16, 612–625. [CrossRef]
59. Yao, Y.; Chen, C.-L.; Yu, D.; Liu, Z. Roles of Follicular Helper and Regulatory T Cells in Allergic Diseases and Allergen

Immunotherapy. Allergy 2021, 76, 456–470. [CrossRef]
60. Grydziuszko, E.; Phelps, A.; Bruton, K.; Jordana, M.; Koenig, J.F.E. Heterogeneity, Subsets, and Plasticity of T Follicular Helper

Cells in Allergy. J. Allergy Clin. Immunol. 2022, 150, 990–998. [CrossRef]
61. Dolence, J.J.; Kobayashi, T.; Iijima, K.; Krempski, J.; Drake, L.Y.; Dent, A.L.; Kita, H. Airway Exposure Initiates Peanut Allergy by

Involving the IL-1 Pathway and T Follicular Helper Cells in Mice. J. Allergy Clin. Immunol. 2018, 142, 1144–1158.e8. [CrossRef]
62. Eisenbarth, S.C.; Baumjohann, D.; Craft, J.; Fazilleau, N.; Ma, C.S.; Tangye, S.G.; Vinuesa, C.G.; Linterman, M.A. CD4+ T Cells

That Help B Cells—A Proposal for Uniform Nomenclature. Trends Immunol. 2021, 42, 658–669. [CrossRef]
63. Gowthaman, U.; Chen, J.S.; Zhang, B.; Flynn, W.F.; Lu, Y.; Song, W.; Joseph, J.; Gertie, J.A.; Xu, L.; Collet, M.A.; et al. Identification

of a T Follicular Helper Cell Subset That Drives Anaphylactic IgE. Science 2019, 365, eaaw6433. [CrossRef] [PubMed]
64. Xie, M.M.; Chen, Q.; Liu, H.; Yang, K.; Koh, B.; Wu, H.; Maleki, S.J.; Hurlburt, B.K.; Cook-Mills, J.; Kaplan, M.H.; et al. T Follicular

Regulatory Cells and IL-10 Promote Food Antigen-Specific IgE. J. Clin. Invest. 2020, 130, 3820–3832. [CrossRef] [PubMed]
65. Suto, A.; Nakajima, H.; Hirose, K.; Suzuki, K.; Kagami, S.; Seto, Y.; Hoshimoto, A.; Saito, Y.; Foster, D.C.; Iwamoto, I. Interleukin

21 Prevents Antigen-Induced IgE Production by Inhibiting Germ Line C(Epsilon) Transcription of IL-4-Stimulated B Cells. Blood
2002, 100, 4565–4573. [CrossRef] [PubMed]

66. Yang, Z.; Wu, C.-A.M.; Targ, S.; Allen, C.D.C. IL-21 Is a Broad Negative Regulator of IgE Class Switch Recombination in Mouse
and Human B Cells. J. Exp. Med. 2020, 217, e20190472. [CrossRef]

67. Sage, P.T.; Sharpe, A.H. The Multifaceted Functions of Follicular Regulatory T Cells. Curr. Opin. Immunol. 2020, 67, 68–74.
[CrossRef]

https://doi.org/10.1080/10408398.2012.713047
https://doi.org/10.1177/0009922813492883
https://doi.org/10.1016/j.jaip.2017.09.003
https://doi.org/10.3390/children9121872
https://www.ncbi.nlm.nih.gov/pubmed/36553316
https://doi.org/10.3390/nu15061397
https://www.ncbi.nlm.nih.gov/pubmed/36986127
https://doi.org/10.1002/iid3.704
https://doi.org/10.3389/fped.2022.842196
https://doi.org/10.1038/s41577-021-00538-7
https://www.ncbi.nlm.nih.gov/pubmed/33846604
https://doi.org/10.1111/all.15240
https://doi.org/10.1007/s40629-022-00211-y
https://doi.org/10.1016/j.jaci.2021.11.010
https://doi.org/10.1016/j.jaci.2010.12.1116
https://doi.org/10.1146/annurev-immunol-042718-041621
https://doi.org/10.1155/2018/8063647
https://www.ncbi.nlm.nih.gov/pubmed/30426014
https://doi.org/10.1136/gutjnl-2021-326789
https://www.ncbi.nlm.nih.gov/pubmed/35105664
https://doi.org/10.1016/j.coi.2021.12.001
https://www.ncbi.nlm.nih.gov/pubmed/34952257
https://doi.org/10.1016/j.immuni.2019.04.011
https://doi.org/10.1146/annurev-immunol-041015-055605
https://doi.org/10.1038/nri.2016.94
https://doi.org/10.1111/all.14639
https://doi.org/10.1016/j.jaci.2022.08.023
https://doi.org/10.1016/j.jaci.2017.11.020
https://doi.org/10.1016/j.it.2021.06.003
https://doi.org/10.1126/science.aaw6433
https://www.ncbi.nlm.nih.gov/pubmed/31371561
https://doi.org/10.1172/JCI132249
https://www.ncbi.nlm.nih.gov/pubmed/32255767
https://doi.org/10.1182/blood-2002-04-1115
https://www.ncbi.nlm.nih.gov/pubmed/12393685
https://doi.org/10.1084/jem.20190472
https://doi.org/10.1016/j.coi.2020.10.009


Int. J. Mol. Sci. 2023, 24, 9781 20 of 22

68. Lu, Y.; Craft, J. T Follicular Regulatory Cells: Choreographers of Productive Germinal Center Responses. Front. Immunol. 2021, 12,
679909. [CrossRef]

69. Wing, J.B.; Lim, E.L.; Sakaguchi, S. Control of Foreign Ag-Specific Ab Responses by Treg and Tfr. Immunol. Rev. 2020, 296, 104–119.
[CrossRef]

70. Gonzalez-Figueroa, P.; Roco, J.A.; Papa, I.; Núñez Villacís, L.; Stanley, M.; Linterman, M.A.; Dent, A.; Canete, P.F.; Vinuesa, C.G.
Follicular Regulatory T Cells Produce Neuritin to Regulate B Cells. Cell 2021, 184, 1775–1789.e19. [CrossRef]

71. Sampath, V.; Sindher, S.B.; Alvarez Pinzon, A.M.; Nadeau, K.C. Can Food Allergy Be Cured? What Are the Future Prospects?
Allergy 2020, 75, 1316–1326. [CrossRef]

72. Anvari, S.; Miller, J.; Yeh, C.-Y.; Davis, C.M. IgE-Mediated Food Allergy. Clin. Rev. Allergy Immunol. 2019, 57, 244–260. [CrossRef]
73. Marchesi, J.R.; Ravel, J. The Vocabulary of Microbiome Research: A Proposal. Microbiome 2015, 3, 31. [CrossRef] [PubMed]
74. Lederberg, J.; McCray, A.T. ‘Ome Sweet ‘Omics—A Genealogical Treasury of Words. Scientist 2001, 15, 8.
75. Chinthrajah, R.S.; Hernandez, J.D.; Boyd, S.D.; Galli, S.J.; Nadeau, K.C. Molecular and Cellular Mechanisms of Food Allergy and

Food Tolerance. J. Allergy Clin. Immunol. 2016, 137, 984–997. [CrossRef]
76. Sivaprakasam, S.; Prasad, P.D.; Singh, N. Benefits of Short-Chain Fatty Acids and Their Receptors in Inflammation and Carcino-

genesis. Pharmacol. Ther. 2016, 164, 144–151. [CrossRef]
77. Cait, A.; Cardenas, E.; Dimitriu, P.A.; Amenyogbe, N.; Dai, D.; Cait, J.; Sbihi, H.; Stiemsma, L.; Subbarao, P.; Mandhane, P.J.; et al.

Reduced Genetic Potential for Butyrate Fermentation in the Gut Microbiome of Infants Who Develop Allergic Sensitization. J.
Allergy Clin. Immunol. 2019, 144, 1638–1647.e3. [CrossRef] [PubMed]

78. Herbst, T.; Sichelstiel, A.; Schär, C.; Yadava, K.; Bürki, K.; Cahenzli, J.; McCoy, K.; Marsland, B.J.; Harris, N.L. Dysregulation
of Allergic Airway Inflammation in the Absence of Microbial Colonization. Am. J. Respir. Crit. Care Med. 2011, 184, 198–205.
[CrossRef]

79. Cahenzli, J.; Köller, Y.; Wyss, M.; Geuking, M.B.; McCoy, K.D. Intestinal Microbial Diversity during Early-Life Colonization
Shapes Long-Term IgE Levels. Cell Host Microbe 2013, 14, 559–570. [CrossRef]

80. Smolinska, S.; Jutel, M.; Crameri, R.; O’Mahony, L. Histamine and Gut Mucosal Immune Regulation. Allergy 2014, 69, 273–281.
[CrossRef]

81. Jutel, M.; Watanabe, T.; Klunker, S.; Akdis, M.; Thomet, O.A.; Malolepszy, J.; Zak-Nejmark, T.; Koga, R.; Kobayashi, T.; Blaser, K.;
et al. Histamine Regulates T-Cell and Antibody Responses by Differential Expression of H1 and H2 Receptors. Nature 2001, 413,
420–425. [CrossRef]

82. Feehley, T.; Plunkett, C.H.; Bao, R.; Choi Hong, S.M.; Culleen, E.; Belda-Ferre, P.; Campbell, E.; Aitoro, R.; Nocerino, R.; Paparo, L.;
et al. Healthy Infants Harbor Intestinal Bacteria That Protect against Food Allergy. Nat. Med. 2019, 25, 448–453. [CrossRef]

83. Yang, Y.; Li, X.; Yang, Y.; Shoaie, S.; Zhang, C.; Ji, B.; Wei, Y. Advances in the Relationships Between Cow’s Milk Protein Allergy
and Gut Microbiota in Infants. Front. Microbiol. 2021, 12, 716667. [CrossRef]

84. Fang, Z.; Li, L.; Zhang, H.; Zhao, J.; Lu, W.; Chen, W. Gut Microbiota, Probiotics, and Their Interactions in Prevention and
Treatment of Atopic Dermatitis: A Review. Front. Immunol. 2021, 12, 720393. [CrossRef] [PubMed]

85. Paparo, L.; Nocerino, R.; Di Scala, C.; Della Gatta, G.; Di Costanzo, M.; Buono, A.; Bruno, C.; Berni Canani, R. Targeting Food
Allergy with Probiotics. Adv. Exp. Med. Biol. 2019, 1125, 57–68. [CrossRef] [PubMed]

86. Ciprandi, G.; Tosca, M.A. Probiotics in Children with Asthma. Children 2022, 9, 978. [CrossRef] [PubMed]
87. Jiang, W.; Ni, B.; Liu, Z.; Liu, X.; Xie, W.; Wu, I.X.Y.; Li, X. The Role of Probiotics in the Prevention and Treatment of Atopic

Dermatitis in Children: An Updated Systematic Review and Meta-Analysis of Randomized Controlled Trials. Paediatr. Drugs
2020, 22, 535–549. [CrossRef]

88. Zhao, M.; Shen, C.; Ma, L. Treatment Efficacy of Probiotics on Atopic Dermatitis, Zooming in on Infants: A Systematic Review
and Meta-Analysis. Int. J. Dermatol. 2018, 57, 635–641. [CrossRef]

89. Elazab, N.; Mendy, A.; Gasana, J.; Vieira, E.R.; Quizon, A.; Forno, E. Probiotic Administration in Early Life, Atopy, and Asthma: A
Meta-Analysis of Clinical Trials. Pediatrics 2013, 132, e666–e676. [CrossRef]

90. Berni Canani, R.; Paparo, L.; Nocerino, R.; Di Scala, C.; Della Gatta, G.; Maddalena, Y.; Buono, A.; Bruno, C.; Voto, L.; Ercolini, D.
Gut Microbiome as Target for Innovative Strategies Against Food Allergy. Front. Immunol. 2019, 10, 191. [CrossRef]

91. Maldonado Galdeano, C.; Cazorla, S.I.; Lemme Dumit, J.M.; Vélez, E.; Perdigón, G. Beneficial Effects of Probiotic Consumption
on the Immune System. Ann. Nutr. Metab. 2019, 74, 115–124. [CrossRef]

92. Todorov, S.D.; Furtado, D.N.; Saad, S.M.; Gombossy de Melo Franco, B.D. Bacteriocin Production and Resistance to Drugs Are
Advantageous Features for Lactobacillus Acidophilus La-14, a Potential Probiotic Strain. New Microbiol. 2011, 34, 357–370.

93. Butel, M.-J. Probiotics, Gut Microbiota and Health. Médecine Mal. Infect. 2014, 44, 1–8. [CrossRef] [PubMed]
94. de Moreno de LeBlanc, A.; Dogi, C.A.; Galdeano, C.M.; Carmuega, E.; Weill, R.; Perdigón, G. Effect of the Administration of

a Fermented Milk Containing Lactobacillus Casei DN-114001 on Intestinal Microbiota and Gut Associated Immune Cells of
Nursing Mice and after Weaning until Immune Maturity. BMC Immunol. 2008, 9, 27. [CrossRef] [PubMed]

95. Mack, D.R.; Ahrne, S.; Hyde, L.; Wei, S.; Hollingsworth, M.A. Extracellular MUC3 Mucin Secretion Follows Adherence of
Lactobacillus Strains to Intestinal Epithelial Cells in Vitro. Gut 2003, 52, 827–833. [CrossRef]

96. Mattar, A.F.; Teitelbaum, D.H.; Drongowski, R.A.; Yongyi, F.; Harmon, C.M.; Coran, A.G. Probiotics Up-Regulate MUC-2 Mucin
Gene Expression in a Caco-2 Cell-Culture Model. Pediatr. Surg. Int. 2002, 18, 586–590. [CrossRef] [PubMed]

https://doi.org/10.3389/fimmu.2021.679909
https://doi.org/10.1111/imr.12888
https://doi.org/10.1016/j.cell.2021.02.027
https://doi.org/10.1111/all.14116
https://doi.org/10.1007/s12016-018-8710-3
https://doi.org/10.1186/s40168-015-0094-5
https://www.ncbi.nlm.nih.gov/pubmed/26229597
https://doi.org/10.1016/j.jaci.2016.02.004
https://doi.org/10.1016/j.pharmthera.2016.04.007
https://doi.org/10.1016/j.jaci.2019.06.029
https://www.ncbi.nlm.nih.gov/pubmed/31279007
https://doi.org/10.1164/rccm.201010-1574OC
https://doi.org/10.1016/j.chom.2013.10.004
https://doi.org/10.1111/all.12330
https://doi.org/10.1038/35096564
https://doi.org/10.1038/s41591-018-0324-z
https://doi.org/10.3389/fmicb.2021.716667
https://doi.org/10.3389/fimmu.2021.720393
https://www.ncbi.nlm.nih.gov/pubmed/34335634
https://doi.org/10.1007/5584_2018_316
https://www.ncbi.nlm.nih.gov/pubmed/30680644
https://doi.org/10.3390/children9070978
https://www.ncbi.nlm.nih.gov/pubmed/35883962
https://doi.org/10.1007/s40272-020-00410-6
https://doi.org/10.1111/ijd.13873
https://doi.org/10.1542/peds.2013-0246
https://doi.org/10.3389/fimmu.2019.00191
https://doi.org/10.1159/000496426
https://doi.org/10.1016/j.medmal.2013.10.002
https://www.ncbi.nlm.nih.gov/pubmed/24290962
https://doi.org/10.1186/1471-2172-9-27
https://www.ncbi.nlm.nih.gov/pubmed/18554392
https://doi.org/10.1136/gut.52.6.827
https://doi.org/10.1007/s00383-002-0855-7
https://www.ncbi.nlm.nih.gov/pubmed/12471471


Int. J. Mol. Sci. 2023, 24, 9781 21 of 22

97. Otte, J.-M.; Podolsky, D.K. Functional Modulation of Enterocytes by Gram-Positive and Gram-Negative Microorganisms. Am. J.
Physiol. Gastrointest. Liver Physiol. 2004, 286, G613–G626. [CrossRef]

98. Resta-Lenert, S.; Barrett, K.E. Live Probiotics Protect Intestinal Epithelial Cells from the Effects of Infection with Enteroinvasive
Escherichia Coli (EIEC). Gut 2003, 52, 988–997. [CrossRef]

99. Peng, L.; Li, Z.-R.; Green, R.S.; Holzman, I.R.; Lin, J. Butyrate Enhances the Intestinal Barrier by Facilitating Tight Junction
Assembly via Activation of AMP-Activated Protein Kinase in Caco-2 Cell Monolayers. J. Nutr. 2009, 139, 1619–1625. [CrossRef]

100. Eslami, M.; Bahar, A.; Keikha, M.; Karbalaei, M.; Kobyliak, N.M.; Yousefi, B. Probiotics Function and Modulation of the Immune
System in Allergic Diseases. Allergol. Immunopathol. 2020, 48, 771–788. [CrossRef]

101. Galdeano, C.M.; Perdigón, G. Role of Viability of Probiotic Strains in Their Persistence in the Gut and in Mucosal Immune
Stimulation. J. Appl. Microbiol. 2004, 97, 673–681. [CrossRef]

102. Maslowski, K.M.; Vieira, A.T.; Ng, A.; Kranich, J.; Sierro, F.; Yu, D.; Schilter, H.C.; Rolph, M.S.; Mackay, F.; Artis, D.; et al.
Regulation of Inflammatory Responses by Gut Microbiota and Chemoattractant Receptor GPR43. Nature 2009, 461, 1282–1286.
[CrossRef]

103. Xiong, N.; Hu, S. Regulation of Intestinal IgA Responses. Cell. Mol. Life. Sci. 2015, 72, 2645–2655. [CrossRef]
104. Phalipon, A.; Cardona, A.; Kraehenbuhl, J.P.; Edelman, L.; Sansonetti, P.J.; Corthésy, B. Secretory Component: A New Role in

Secretory IgA-Mediated Immune Exclusion in Vivo. Immunity 2002, 17, 107–115. [CrossRef]
105. Kadaoui, K.A.; Corthésy, B. Secretory IgA Mediates Bacterial Translocation to Dendritic Cells in Mouse Peyer’s Patches with

Restriction to Mucosal Compartment. J. Immunol. 2007, 179, 7751–7757. [CrossRef]
106. Mantis, N.J.; Rol, N.; Corthésy, B. Secretory IgA’s Complex Roles in Immunity and Mucosal Homeostasis in the Gut. Mucosal

Immunol. 2011, 4, 603–611. [CrossRef] [PubMed]
107. Hooper, L.V.; Macpherson, A.J. Immune Adaptations That Maintain Homeostasis with the Intestinal Microbiota. Nat. Rev.

Immunol. 2010, 10, 159–169. [CrossRef] [PubMed]
108. Perdigón, G.; Maldonado Galdeano, C.; Valdez, J.C.; Medici, M. Interaction of Lactic Acid Bacteria with the Gut Immune System.

Eur. J. Clin. Nutr. 2002, 56 (Suppl. 4), S21–S26. [CrossRef] [PubMed]
109. Jiang, K.; Cao, S.; Cui, J.Z.; Matsubara, J.A. Immuno-Modulatory Effect of IFN-Gamma in AMD and Its Role as a Possible Target

for Therapy. J. Clin. Exp. Ophthalmol. 2013, S2, 71–76. [CrossRef]
110. Pochard, P.; Gosset, P.; Grangette, C.; Andre, C.; Tonnel, A.-B.; Pestel, J.; Mercenier, A. Lactic Acid Bacteria Inhibit TH2 Cytokine

Production by Mononuclear Cells from Allergic Patients. J. Allergy Clin. Immunol. 2002, 110, 617–623. [CrossRef]
111. Niers, L.E.M.; Timmerman, H.M.; Rijkers, G.T.; van Bleek, G.M.; van Uden, N.O.P.; Knol, E.F.; Kapsenberg, M.L.; Kimpen, J.L.L.;

Hoekstra, M.O. Identification of Strong Interleukin-10 Inducing Lactic Acid Bacteria Which down-Regulate T Helper Type 2
Cytokines. Clin. Exp. Allergy 2005, 35, 1481–1489. [CrossRef]

112. Nonaka, Y.; Izumo, T.; Izumi, F.; Maekawa, T.; Shibata, H.; Nakano, A.; Kishi, A.; Akatani, K.; Kiso, Y. Antiallergic Effects of
Lactobacillus Pentosus Strain S-PT84 Mediated by Modulation of Th1/Th2 Immunobalance and Induction of IL-10 Production.
Int. Arch. Allergy Immunol. 2008, 145, 249–257. [CrossRef]

113. Hol, J.; van Leer, E.H.G.; Elink Schuurman, B.E.E.; de Ruiter, L.F.; Samsom, J.N.; Hop, W.; Neijens, H.J.; de Jongste, J.C.;
Nieuwenhuis, E.E.S. Cow’s Milk Allergy Modified by Elimination and Lactobacilli study group The Acquisition of Tolerance
toward Cow’s Milk through Probiotic Supplementation: A Randomized, Controlled Trial. J. Allergy Clin. Immunol. 2008, 121,
1448–1454. [CrossRef]

114. Berni Canani, R.; Nocerino, R.; Terrin, G.; Coruzzo, A.; Cosenza, L.; Leone, L.; Troncone, R. Effect of Lactobacillus GG on Tolerance
Acquisition in Infants with Cow’s Milk Allergy: A Randomized Trial. J. Allergy Clin. Immunol. 2012, 129, 580–582. [CrossRef]

115. Vandenplas, Y.; Steenhout, P.; Planoudis, Y.; Grathwohl, D.; Althera Study Group. Treating Cow’s Milk Protein Allergy: A
Double-Blind Randomized Trial Comparing Two Extensively Hydrolysed Formulas with Probiotics. Acta Paediatr. 2013, 102,
990–998. [CrossRef]

116. Berni Canani, R.; Nocerino, R.; Terrin, G.; Frediani, T.; Lucarelli, S.; Cosenza, L.; Passariello, A.; Leone, L.; Granata, V.; Di Costanzo,
M.; et al. Formula Selection for Management of Children with Cow’s Milk Allergy Influences the Rate of Acquisition of Tolerance:
A Prospective Multicenter Study. J. Pediatr. 2013, 163, 771–777.e1. [CrossRef] [PubMed]

117. Ahanchian, H.; Nouri, Z.; Jafari, S.-A.; Moghiman, T.; Amirian, M.-H.; Ezzati, A.; Kianifar, H.-R. Synbiotics in Children with
Cow’s Milk Allergy: A Randomized Controlled Trial. Iran J. Pediatr. 2014, 24, 29–34.

118. Berni Canani, R.; Di Costanzo, M.; Bedogni, G.; Amoroso, A.; Cosenza, L.; Di Scala, C.; Granata, V.; Nocerino, R. Extensively
Hydrolyzed Casein Formula Containing Lactobacillus Rhamnosus GG Reduces the Occurrence of Other Allergic Manifestations
in Children with Cow’s Milk Allergy: 3-Year Randomized Controlled Trial. J. Allergy Clin. Immunol. 2017, 139, 1906–1913.e4.
[CrossRef] [PubMed]

119. Candy, D.C.A.; Van Ampting, M.T.J.; Oude Nijhuis, M.M.; Wopereis, H.; Butt, A.M.; Peroni, D.G.; Vandenplas, Y.; Fox, A.T.; Shah,
N.; West, C.E.; et al. A Synbiotic-Containing Amino-Acid-Based Formula Improves Gut Microbiota in Non-IgE-Mediated Allergic
Infants. Pediatr. Res. 2018, 83, 677–686. [CrossRef] [PubMed]

120. Nocerino, R.; Di Costanzo, M.; Bedogni, G.; Cosenza, L.; Maddalena, Y.; Di Scala, C.; Della Gatta, G.; Carucci, L.; Voto, L.; Coppola,
S.; et al. Dietary Treatment with Extensively Hydrolyzed Casein Formula Containing the Probiotic Lactobacillus Rhamnosus
GG Prevents the Occurrence of Functional Gastrointestinal Disorders in Children with Cow’s Milk Allergy. J. Pediatr. 2019, 213,
137–142. [CrossRef] [PubMed]

https://doi.org/10.1152/ajpgi.00341.2003
https://doi.org/10.1136/gut.52.7.988
https://doi.org/10.3945/jn.109.104638
https://doi.org/10.1016/j.aller.2020.04.005
https://doi.org/10.1111/j.1365-2672.2004.02353.x
https://doi.org/10.1038/nature08530
https://doi.org/10.1007/s00018-015-1892-4
https://doi.org/10.1016/S1074-7613(02)00341-2
https://doi.org/10.4049/jimmunol.179.11.7751
https://doi.org/10.1038/mi.2011.41
https://www.ncbi.nlm.nih.gov/pubmed/21975936
https://doi.org/10.1038/nri2710
https://www.ncbi.nlm.nih.gov/pubmed/20182457
https://doi.org/10.1038/sj.ejcn.1601658
https://www.ncbi.nlm.nih.gov/pubmed/12556943
https://doi.org/10.4172/2155-9570.S2-007
https://doi.org/10.1067/mai.2002.128528
https://doi.org/10.1111/j.1365-2222.2005.02375.x
https://doi.org/10.1159/000109294
https://doi.org/10.1016/j.jaci.2008.03.018
https://doi.org/10.1016/j.jaci.2011.10.004
https://doi.org/10.1111/apa.12349
https://doi.org/10.1016/j.jpeds.2013.03.008
https://www.ncbi.nlm.nih.gov/pubmed/23582142
https://doi.org/10.1016/j.jaci.2016.10.050
https://www.ncbi.nlm.nih.gov/pubmed/28043872
https://doi.org/10.1038/pr.2017.270
https://www.ncbi.nlm.nih.gov/pubmed/29155807
https://doi.org/10.1016/j.jpeds.2019.06.004
https://www.ncbi.nlm.nih.gov/pubmed/31327562


Int. J. Mol. Sci. 2023, 24, 9781 22 of 22

121. Guest, J.F.; Fuller, G.W. Effectiveness of Using an Extensively Hydrolyzed Casein Formula Supplemented with Lactobacillus
Rhamnosus GG Compared with an Extensively Hydrolysed Whey Formula in Managing Cow’s Milk Protein Allergic Infants. J.
Comp. Eff. Res. 2019, 8, 1317–1326. [CrossRef]

122. Jing, W.; Liu, Q.; Wang, W. Bifidobacterium Bifidum TMC3115 Ameliorates Milk Protein Allergy in by Affecting Gut Microbiota:
A Randomized Double-Blind Control Trial. J. Food Biochem. 2020, 44, e13489. [CrossRef]
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